Deep brain stimulation (DBS) experienced resurgence in the 1990s when limitations in pharmacotherapy and ablative surgery for movement disorders (including neuropsychological deficits) were appreciated. Subthalamic DBS for Parkinson's disease has received the most empirical attention and may entail cognitive and psychiatric adverse events in approximately 10% of patients. This article reviews the cognitive alterations after thalamic, pallidal, and subthalamic DBS for movement disorders (including, Parkinson's disease, essential tremor, and dystonia) and the possible etiology and mechanisms underlying neurobehavioral changes. Initial studies of neurobehavioral outcomes of DBS for emerging indications such as epilepsy, obsessive compulsive disorder, depression, Tourette's syndrome, and persistent vegetative or minimally conscious state are also reviewed. DBS for currently accepted indications appears safe from a cognitive standpoint in that the procedure is associated with typically transient, mild, and circumscribed cognitive alterations (most commonly in verbal fluency), and improved mood state and quality of life. A minority of patients experience more widespread, persistent, or serious cognitive and psychiatric sequelae, although research to date has failed to identify reliable risk factors for such adverse events.
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INTRODUCTION
Electrical stimulation of the brain and observations of its effects on behavior in non-human animals for experimental purposes preceded the first use of electrical stimulation in humans by many years. The first experimental study of direct brain stimulation in a human (1) reported upon in 1874 was of muscle contractions and convulsions induced by contralateral brain stimulation in a woman being operated for abscesses in the brain. Though electrical stimulation was used clinically by Horsley for intraoperative localization in the 1880s,(2) the first report of the use of chronically implanted electrodes for experimental purposes was not published by Delgado until 1952,(3) and chronic electrical stimulation of brain structures for therapeutic purposes was not carried out until the middle of the 20 th century, and then primarily for psychiatric conditions.(4, 5) Early brain stimulation also differed from that of today in that stimulation was often applied intermittently, electrodes were typically explanted again after weeks to months, and pulse generators or stimulators were external to the patient. In some instances the electrodes were used for recording neural activity and for stimulation specifically to avoid neurobehavioral complications from subsequent lesioning treatments for Parkinson's disease (PD). (6) In other cases, the electrodes were used for therapeutic stimulation. For example, in the case of movement disorders, patients with Wilson's disease, dystonias, and PD had 24 to 40 electrodes (connected to 4 to 6 bundles of externalized wires) implanted into thalamus and striatopallidal nuclei, and later presented for 10-25 trials of stimulation once or twice per week via an external stimulator. (7) The first report of a fully implantable stimulator system used to chronically treat a movement disorder (tremor associated with multiple sclerosis) was published in 1980. (8) Given concerns about the potential neurobehavioral morbidity associated with especially bilateral and ablative surgery for movement disorders, (9) it is important to address neurobehavioral functioning and quality of life outcomes of DBS. (10, 11) Similar evaluations of neurobehavioral and quality of life outcomes have been conducted for some time for resective epilepsy surgery, and detailed neuropsychological evaluations are likely to keep a central place in DBS for epilepsy. Similarly, meticulous, quantitative neurobehavioral and quality of life outcome documentation will be imperative if DBS is to find acceptance for psychiatric conditions given the controversy and ethical issues surrounding psychosurgery and functional neurosurgery. (12) (13) (14) (15) 
CONTENT AND PURPOSE OF NEUROPSYCHOLOGICAL EVALUATION FOR DBS
Typical neuropsychological evaluation entails a review of medical records, interviews with patient and family, observation of behavior, and administration and scoring of psychometric test instruments. Domains of functioning assessed in most evaluations include intelligence or overall level of cognitive functioning, attention and working memory, executive functions, language, visuoperceptual and spatial functions, motor function, memory, mood state, and quality of life. Evaluation may also be sought for personality, coping responses and stressors. It is the standardized, quantitative method of assessment of cognition, emotion, and behavior that sets neuropsychology apart from behavioral neurology and neuropsychiatry. The various sources of information are integrated to profile the patient's neurobehavioral strengths and weaknesses and to arrive at inferences about the suitability of DBS for that person from a neurobehavioral perspective. As noted by Okun and colleagues, (10) however, specific neurobehavioral criteria for inclusion/exclusion for DBS are lacking, and controversy surrounds what constitutes acceptable vs. unacceptable levels of cognitive impairment for entry into DBS. Though some general guidelines have recently been proposed in the pre-surgical evaluation of persons with PD, (16) given the current state of knowledge about the neuropsychological effects of DBS and risk factors for cognitive morbidity, prognostic statements are probably best phrased in terms of broad bands of probability.
The pre-operative neuropsychological evaluation also has several purposes other than facilitating decisions about surgical candidacy and include establishment of a baseline against which to evaluate potential post-operative changes, and differential diagnosis. Other issues that can be addressed in neuropsychological evaluation are the capacity to consent to treatment, including the ability to perceive a choice to seek and refuse a given treatment, to choose among possible treatments, and the ability to appreciate the possible consequences of each of these courses of action. Evaluation of cognition, mood state and coping can facilitate decisions regarding a patient's ability to cooperate with the arduous pre-surgical evaluation process, operation and post-operative care, and patient and family expectations of surgical outcome, and the relationship of these expectations to potential satisfaction with outcomes can be examined.
Post-operative neuropsychological evaluation not only serves to document outcomes. In the event that complications emerge, such an evaluation facilitates decisions about whether cognitive, emotional and behavioral changes are related to surgical intervention or operative complications, deep brain stimulation (DBS), medications, disease progression, seizure activity, or emotional and psychosocial factors, thereby facilitating rehabilitation planning. 
PARKINSON'S DISEASE

Thalamic stimulation
Three studies have reported detailed neuropsychological outcomes after thalamic DBS for PD, and none showed evidence of significant, wide-ranging cognitive changes. (20) (21) (22) Thalamic stimulation, unlike thalamotomy for PD, did not entail declines in verbal fluency or memory, though Loher et al. (22) did find, in a comparison of patients on and off stimulation, statistically significantly worse verbal memory in those having left thalamic DBS. In another comparison of cognition on and off stimulation, while on and off medication, Tröster and colleagues (23) found a post-operative decrement in verbal fluency in a single case, but stimulation per se, in both the medication on and off conditions, was associated with improved verbal fluency. In essence, surgery and stimulation had apparently opposite effects on fluency. Isolated, subtle improvements (possibly practice effects) have been observed on certain tasks: Caparros-Lefebvre et al. (20) observed better performance on a card sorting task days after surgery, while Tröster et al. (21) observed improved delayed recall of prose and recognition of a word list, and somewhat better naming, about four months after surgery. In a 12-month follow-up of five of the patients reported upon by Tröster et al., (21) Woods and colleagues (24) found that gains in verbal fluency and memory were maintained.
Few studies have examined mood states and health-related quality of life (QOL) after thalamic DBS. Caparros-Lefebvre et al. (20) found an improvement in mood state (depressive symptoms) 4-10 days after surgery. QOL improvements did not attain statistical significance in the study by Straits-Tröster et al., (25) but this may reflect that a generic QOL measure, probably less sensitive to change than a disease-specific measure was used, and that the sample was small. Consistent with this hypothesis, QOL gains among five patients on a disease-specific instrument, the Parkinson Disease Questionnaire (PDQ), were still observed 12 months after unilateral thalamic DBS. (24) 
Pallidal stimulation
Unilateral GPi DBS appears cognitively safe, although this conclusion is tempered by the limited number of small-sample studies published. Tröster and colleagues, (26) in nine patients undergoing unilateral pallidal DBS, found that none of the patients experienced significant changes in overall level of cognitive functioning three months after surgery. As a group, the patients demonstrated statistically significant declines in visuoconstructional ability and verbal fluency, but the changes were rarely of clinical significance. Subsequent studies yielded similar findings. Vingerhoets et al., (27) found no statistically significant declines in cognitive functioning after unilateral GPi DBS and even when using a very liberal criterion of impairment (a test score falling 1 SD below the mean of normative samples), they noted that only six of the 20 patients showed any decrement (i.e., an increase, no matter how small, in the percentage of tests in the impaired range). These patients tended to be older and were taking higher medication dosages prior to surgery than patients showing no change or improvement. Merello et al., (28) observed no significant changes on neuropsychological tests among six cases.
Safety of bilateral GPi DBS has been addressed in a handful of studies, and most found that the procedure is relatively safe from a cognitive standpoint. Ardouin et al., (29) among 13 bilateral GPi DBS cases, found no significant changes in average test scores three months (Grenoble subjects, n=8) or six months (Paris subjects, n=5) after surgery. Pillon et al. (30) found no cognitive morbidity in a probably overlapping group of patients at 12-month follow-up, and the performance on experimental tasks of five GPi DBS patients at six months was no different on and off levodopa. Ghika et al.(31) , too, found no significant changes in neuropsychological test scores three months after contemporaneous bilateral GPi DBS electrode implantation (n=6). Though these studies support the cognitive safety of GPi, some patients may develop cognitive morbidity. Only one case study with MRIconfirmed electrode location has reported significant executive dysfunction ensuing from bilateral GPi DBS.
(32) Importantly, when the stimulators were turned off, the impairment was partially reversed, thereby suggesting a direct role of stimulation in the neuropsychological deficit. Relatively isolated cognitive impairments were reported by the Toronto group.(33) Among four patients, there was a significant decrease in backward digit span. Verbal fluency was administered to only one patient, who demonstrated a decline on this task. The decline sometimes seen in verbal fluency after GPi DBS (26, 34) may be related to word search or executive strategy changes: patients seem to shift less efficiently between word categories when searching for words. (35) To determine whether a second surgery (i.e., a staged bilateral procedure) carries cognitive risks relative to the first surgery, Fields et al. (36) examined neuropsychological functioning in six patients before surgery, two months after the first operation, and again three months after the second operation. No patient experienced significant declines in cognition and delayed recall was improved relative to baseline following the second operation. Rothlind and coworkers (37) recently reported on a randomized comparison of staged, bilateral GPi and STN DBS in 42 patients and also found that minimal cognitive changes ensued from the second relative to the first operation. Semantic verbal fluency (the ability to quickly name items belonging to a category such as fruits) declined after left DBS regardless of whether the left side was operated first or second. Though phonemic verbal fluency also declined only after left DBS, a significant effect of the second surgery was not demonstrated.
It remains unclear whether GPi DBS is safer than alternative procedures such as pallidotomy or subthalamic (STN) DBS. Studies by Merello et al. (28) and Fields et al. (38) found the cognitive safety of pallidal DBS and pallidotomy to be comparable. Although some suggest that bilateral GPi DBS may entail less cognitive morbidity than bilateral STN DBS,(39-41) the only randomized comparison of the cognitive effects of GPi and STN DBS has failed to reveal substantial differences between the two treatments.(37) A larger, randomized trial comparing the effects (including the neurobehavioral consequences) of simultaneous bilateral GPi and STN surgery is nearing completion. (19) Quality of life has only rarely been evaluated after GPi DBS for PD. Vingerhoets et al.(42) administered a generic QOL measure (Sickness Impact Profile; SIP) to 20 patients before and three months after unilateral GPi DBS. Significant improvements were evident in the Physical, Psychosocial, and Total scores. Among the 12 subscales, improvements were observed for ambulation, body care and movement, communication, sleep and rest, and eating. Straits-Tröster et al., (25) in their sample of nine unilateral GPi DBS patients, also observed significant improvements in the Physical and Total scales of the SIP, but did not analyze scores on subscales.
Studies using self-report measures of mood state (Beck Depression Inventory) did not find improvements in depressive symptomatology, (25, 27, 29, 31, 42) but Fields et al. (36) noted that patients experienced a reduction in anxiety. Higginson and colleagues(43) observed improvements in the autonomic, neurophysiologic, and subjective symptoms of anxiety in patients having undergone either unilateral GPi ablative surgery or DBS. As others(44-46) have noted, the clinical significance of these group (mean) changes on symptom inventories is unclear, and future studies would do well to deal with caseness, i.e., report on the number of cases meeting diagnostic criteria for a certain condition such as depression before and after surgery. A single case study has detailed hypomania and manic episodes after unilateral or bilateral GPi DBS, (47) but this morbidity may relate to an interaction between stimulation and medication. Similarly, it is unclear whether hypersexuality reported in isolated cases (48, 49) reflects a possible dopamine dysregulation syndrome, medication-stimulation interactions, or a phenomenon that is part of hypomania.
Subthalamic stimulation
Neurobehavioral outcomes after bilateral STN DBS for PD have been published much more frequently than for any other form of DBS or condition. Nonetheless, controversy exists about the frequency, nature, and extent of cognitive changes and the factors underlying for such changes. The reported frequencies with which cognitive changes occur after STN DBS is quite variable and this probably reflects differences in ascertainment methods (informal review suggests that studies using formal neuropsychological evaluation are more likely to find changes than are studies using undefined methods or screening instruments), patient selection criteria, operative technique, and pre-and post-operative patient management strategies. A recent review (50) estimated that cognitive problems are observed in 41% of patients after STN DBS, but the extent and nature of such problems was not elaborated upon.
Examination of clinical studies suggests that profound or wide ranging changes in cognition are probably fairly rare. Rodriguez-Oroz and colleagues (40) who carefully defined severity of impairment, found that severe impairments (meaning incapacitating ones) occurred in 1% to 2% of cases. Moderate impairments (requiring treatment or having mild functional impact), and mild deficits (having no functional impact) were more common, occurring in about 20% of patients. This latter number is quite similar to that reported in another series,(51) but considerably higher than the approximately 4% incidence of cognitive impairment observed in a recently published, controlled multicenter trial (although it is not clear how this impairment was established or defined). (52) The majority of studies employing formal neuropsychological evaluations have been uncontrolled and used fairly small samples, and several recent reviews have highlighted the many methodological limitations of these studies. (10, 44, 45, 53, 54) These studies, with few exceptions, (33, (55) (56) (57) (58) (59) have generally observed small and circumscribed cognitive changes, most often in verbal fluency (timed oral word generation according to different lexical and semantic constraints). (29, 30, 37, 57, (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) .
Even among the studies reporting more widespread cognitive declines there is disagreement as to the clinical meaningfulness of cognitive changes --in contrast to SaintCyr and colleagues (58) , and Smeding and her colleagues,(59) Alegret and her coworkers (55) interpreted the observed cognitive changes not to be of clinical significance.
Less still is known at this time about the neurocognitive effects of unilateral or staged STN DBS. Morrison et al.(69) were the first investigators to publish neuropsychological findings pertaining to unilateral STN DBS. In their group of three patients, few cognitive changes were observed. Two of three patients (one left and one right DBS) showed improved category fluency, while two (one left, one right DBS) showed decrements in letter verbal fluency. Two patients (both left DBS) also showed poorer performance on the Stroop task and on an alternating fluency task. Although the sample is too small to reliably evaluate laterality effects of STN DBS, it appears cognitive changes can occur after both left and right STN DBS. A more recent randomized study of staged GPI and STN DBS afforded the opportunity to observe neuropsychological changes after unilateral surgery, and that study found verbal fluency declines after left DBS. (37) Although another study obtained neuropsychological data in only 12 of 24 patients, and did not examine the effects of laterality of surgery, that study also reported that unilateral STN DBS was associated with at least a trend toward decline in verbal fluency (while improvement in mental flexibility was attributed to possible practice effects). (78) Because many of the neuropsychological studies of STN DBS have small sample sizes, it is prudent to emphasize and examine in greater detail the outcomes of controlled studies comparing neuropsychological changes in operated and unoperated PD groups. Unfortunately, there are only five such studies (excluding the handful of controlled studies limiting themselves to assessment of language or including only cognitive screening examinations) and each has significant methodological and/or conceptual limitations. The first published controlled neuropsychological study of STN DBS by Gironell and coworkers(65) compared the outcomes in 8 patients with bilateral STN DBS, 8 patients undergoing unilateral pallidotomy, and 8 unoperated PD patients. Surgical patients were tested on their medication 1 month before and 6 months after surgery, while the control group was retested after 6 months. In that study, a selective decline in semantic verbal fluency was observed in the STN DBS group.
Moretti and colleagues,(68) comparing the performance of nine patients, 1-, 6-and 12 months after surgery to a group of nine unoperated PD patients, found a decline at every time point relative to both baseline and control group performance in verbal fluency and in the Stroop task, on which performance was slower and more error-prone after surgery. A third controlled study made similar observations, although the methodology differed. The study by Morrison and colleagues(70) evaluated 17 patients (two of whom had had a prior pallidotomy) before and three to four months after STN DBS, and 11 PD patients on medical therapy on two occasions, about 9 weeks apart. The impact of medical therapy in the STN DBS patients is difficult to evaluate because 5 of the 17 patients were tested off medication, while 12 were tested on medication. A desirable feature of the study is that a subset of the STN DBS patients (13) were tested twice after surgery, once with the stimulators turned on, and once with the devices turned off. The surgery effect (operationally defined as the difference between baseline and post-surgical "stimulation off" scores relative to the change in the control group's scores) was limited to mild decrements in language and attention. The procedure as a whole (the effect of surgery plus stimulation) was associated with subtle declines in delayed verbal recall and language. However, the effect of stimulation per (comparing test performance with stimulators turned on and off relative to change observed in the control group) revealed no significant changes. Similar to these earlier studies, the recent study by Cilia and others(79) also observed only circumscribed cognitive declines, specifically in semantic verbal fluency, 12 months after DBS in comparison to pre-surgical baseline and control group performance.
Another controlled study has found more widespread and serious cognitive changes. Smeding and associates(59) evaluated 99 STN DBS patients, on medication, within 3 months before surgery and 6 months after surgery. The change in neuropsychological test scores was compared to the change observed among 36 medically treated PD patients tested twice, six months apart. Relative to the control group, the STN DBS group was reported to have more marked decline in overall level of cognitive function (approaching statistical significance), verbal fluency, delayed recall, and visual attention. Although quality of life was apparently improved and depression scores improved, the STN DBS group also showed diminished positive affect and increased emotional lability after surgery. Although this study is probably among the best (if not the best) available given the use of a control group and a fairly large sample, several important limitations, including several discussed by the study's authors, should be borne in mind when considering the potential significance of the reported findings. The study was not randomized. In addition, no comparison was made of neuropsychological functioning on and off stimulation so that it is not possible to determine whether stimulation per se exerted a negative effect on cognition, and accuracy of electrode placement is unknown. Even though some of the comparisons are statistically significant, the effect sizes associated with them are small to moderate. Perhaps a more critical issue is the statistical treatment of the data. The study's authors argue that a liberal statistical approach (using nonparametric statistics, not correcting for chance findings associated with a multitude of statistical comparisons, and the use of one-tailed significance tests) is appropriate since safety of the procedure is a primary consideration and one would presumably rather err by incorrectly concluding that a difference exists (Type I error) than to miss a true difference (Type II error). This position has merit, but some might question whether a slightly more conservative approach might still be adequately liberal. In particular, given that there usually is some heterogeneity among patients' test score changes (some show improvements, some declines, some no change on any given test), one might wonder whether the employed one-tailed significance testing approach is justifiable. Such an approach assumes a priori that a unidirectional change (presumably a decline) will occur, an assumption not supported by others' findings that reveal variability among individuals' outcomes and the observation that some test scores improve in groups of patients. (29, 62) Unfortunately, the frequency of sizeable negative and positive changes was not reported. Also, as noted by the authors of the study, some effects may have been medication-related: for example, the decline in memory was no longer significant from the change in the control group once anticholinergic medication intake was accounted for.
A major issue in interpreting the somewhat discordant neuropsychological findings of STN DBS studies is that many studies have relatively small sample sizes. The problem that attends such small samples is that studies may lack the power to detect effects. Woods and colleagues (54) found that only two of 30 studies reviewed had adequate power (above 0.8.0, where maximal power is 1 and minimal power is 0) to detect large cognitive effects. More alarmingly, none had sufficient power to detect cognitive changes associated with conventionally medium (or smaller) effect sizes. Given this limited power, and the general absence of effect sizes in statistical analyses, our laboratory recently undertook a quantitative meta-analysis of findings to date.(80) That study was based on a literature search of peer-reviewed, English-language studies from 1990 to April 2006 that reported interval or ratio data, provided pre-and post-operative data on at least one standardized neuropsychological test, and provided sufficient information to allow calculation of effect sizes. Given the large number of different test used in the literature, tests were assigned to the functional domains they are commonly accepted to primarily measure (e.g., verbal memory, language, attention). Of 40 studies identified, 28 met inclusion criteria, and this yielded a maximum combined sample size of 612 for calculation of the effect size of changes in the various domains of cognition. Analyses revealed that STN DBS (considered as a whole treatment procedure) was associated with moderate declines in verbal fluency and mild declines in verbal memory and executive function. Mild improvements were observed in psychomotor/information processing speed. Overall then, the uncontrolled, controlled, and metaanalytic findings are in general accord that STN DBS is relatively safe from a cognitive perspective. One must bear in mind, however, that metaanalysis does not, despite attaching greater weight to studies with larger samples, redress methodological shortcomings of the studies included in the analyses.
Given the declines in verbal fluency, memory, and executive function that might attend STN DBS (even if of small to moderate effect size), an issue becomes whether the factors underlying these changes can be isolated. The identification of potential risk factors for cognitive decline, regardless of whether due to surgical intervention or DBS per se, has obviously important implications for facilitating the avoidance of cognitive morbidity. Unfortunately, attempts in this regard have not been very fruitful and studies have not reliably identified factors that underlie cognitive changes after STN DBS. One possibility is that suboptimal electrode placement or spread to non-motor (that is, limbic and associative) circuits(81-83) accounts for these cognitive and behavioral changes. Electrode placement, stimulator programming, and current spread issues might not be unexpected given the close proximity of motor, associative, and limbic territories within the structures targeted in DBS. (84)While there is no doubt that mis-or displaced electrodes can lead to serious neurobehavioral consequences that are at least partially reversible by revision of lead location or contact selection,(85) this does not imply that all neurobehavioral complications are related to electrode misplacement or suboptimal electrode contact selection. To date, a relationship has not been found between cognitive change and active electrode coordinates. (86) Similarly, assuming that less accurate electrode placement is associated with poorer motor outcome and that patients with poorer motor outcome would thus be more probable to have cognitive changes, a relationship has not been found between motor improvement (a proxy measure of electrode placement accuracy) and cognitive outcome. (59, 86) Of course, this lack of relationship might be an artifact in that there is among experienced treatment centers little range (and variability) in electrode location making it difficult to obtain a significant correlation between location and cognitive outcome. One might also argue that suboptimal electrode placement can be compensated for by adjusting stimulation parameters, such that even patients with cognitive and behavioral changes and poorly placed electrodes still have good motor outcomes. This proposal is supported by a recent study of two cases with PD in whom hypomania, yet good motor symptom control, could be reliably reproduced by stimulation via a contact located in the anteromedial portion of the STN. (87) Attempts to reveal a relationship between stimulation parameters and cognitive outcome have also met with limited success, probably in large part because four stimulation parameters (polarity, frequency, amplitude, pulse width) can be varied, thereby yielding an almost infinite set of possible combinations of parameter adjustments. Not surprisingly then, the relationships of stimulation parameters to neuropsychological outcome have been explored retrospectively within narrow ranges of motorically beneficial or therapeutic stimulation settings. Another issue complicating identification of stimulation parameter relationships with cognitive outcome is that while various motor signs have known different timeresponse curves,(88) the timecourse of various cognitive responses to DBS is not known. Thus, it is not known how soon after turning stimulation on or off changes in cognition become apparent or dissipate. A report that various aspects of stimulation (such as higher frequency) are related to cognitive change (89) is tempered by the observation that parameters other than the one being evaluated were not held constant, making it difficult to identify clearly which parameters influence cognition and how they do so.
Another strategy to isolate an effect of stimulation on cognition is to compare test performance with stimulators turned on and off. In general, such comparisons have yielded few replicable effects, (30, 66, 70, 71, 74, (90) (91) (92) and even when statistically significant, such effects' clinical significance remains a matter of speculation. Only one study has examined different STN stimulation frequencies' effects on cognition, and that study reported differential effects of low frequency, high frequency, and no stimulation on verbal fluency. (93) Specifically, low frequency stimulation facilitated verbal fluency whereas high frequency stimulation disrupted word generation. A potential future avenue for exploring the effects of STN stimulation on cognition is to do so intraoperatively, though our experience shows that testing of awake, elderly patients withdrawn from medication is quite challenging and needs to be very brief.
Other studies examining potential correlates of cognitive change after STN DBS have failed to disclose relationships between cognitive change and depression (86) or dopaminomimetic medication changes. (59, 80, 86) Although a relationship between cognitive impairment and apathy may emerge 6 months to years after STN DBS,(64, 75) such a relationship was not evident three months after surgery.(75) Other potential risk factors for cognitive deterioration have not been confidently established, but include more advanced age (greater than 69 years) (33, 58, 69) and pre-existing cognitive deficits.(94-96) While age appears to predispose to post-operative confusional episodes(97), poorer executive function outcome in the long term after STN DBS,(64) it does not necessarily confer risk for poorer cognitive short-term outcomes. (37, 98) It is also important to note that although older persons and persons with poorer baseline executive functioning are more likely to develop dementia after STN DBS, the incidence of dementia after DBS may be no greater than that observed in medically treated patients. (99) Because verbal fluency declines represent the commonest cognitive morbidity after STN DBS, several studies have attempted to identify the neural and cognitive mechanisms underlying these changes. That verbal fluency can be directly impacted by STN stimulation (rather than the treatment procedure as a whole) was elegantly shown in a study utilizing randomized, double blinded, high frequency (130 Hz), low frequency (10 Hz), and sham stimulation (presumably bilateral). Low frequency stimulation improved performance on four 1-minute verbal fluency tasks, whereas high frequency stimulation tended to produce a diminution. Regardless of the debate about whether electrodes properly placed in sensorimotor (dorsal) STN or misplaced electrodes account for cognitive changes, two potential mechanistic explanations for verbal fluency declines are probably the most credible: motor speech and cognitive. Were one to speculate that motor speech mechanisms underlie verbal fluency decrements, it would be sufficient to posit an effect of STN DBS on cortical-basal ganglionic motor circuits. In contrast, were one to propose cognitive, and more specifically semantic or executive mechanisms as fundamental to DBS-induced verbal fluency changes, it would be necessary to speculate that: a) stimulation spreads beyond the motor circuit, b) that active electrode contacts are placed outside the putative motor area, c) that different stimulation patterns differentially affect various basal ganglia structures and downstream cortical regions, (100, 101) Weiner) . (102) A motor speech explanation of verbal fluency declines after STN DBS appears at first blush paradoxical given motor improvements with DBS. However, one might argue that the range of effective stimulation for limb and speech motor programs is different. (103) The majority of studies find an improvement or no change in dysarthria after STN DBS(103-107) and these improvements are related to normalization of cerebral metabolic patterns associated with speech activation,(103) a finding paralleling that of normalization of cortical metabolism in good motor responders but not non-responders to DBS. When negative effects on motor speech do occur,(108) they may be related to misplacement of electrodes or stimulation at suboptimal parameters, dyskinesias related to medication and stimulation interactions, (106, 109) or an imbalance between right and left stimulation.(107) Indeed, Törnqvist et al. (110) have shown that using typical stimulation settings there was no difference on and off stimulation in speech intelligibility, but that intelligibility declined with higher stimulation frequencies and amplitudes.
Empirical evidence, albeit indirect, probably favors a nonmotor speech explanation for verbal fluency changes. Support for a cognitive rather than motor mechanism underlying verbal fluency changes comes from a study with seven patients undergoing positron emission tomography (PET) while carrying out verbal fluency tasks with and without STN stimulation. Whereas motor function improved with stimulation, verbal fluency performance declined by 15 percent. In addition, verbal fluency differences between on and off stimulation were correlated with regional cerebral blood flow activation (verbal fluency -counting) decrements during on vs. off stimulation in the left inferior frontal and temporal gyri. A subsequent study has also noted verbal fluency declines to be related to regional cerebral blood flow decrements in dorsolateral prefrontal cortex, anterior cingulated, and the ventral caudate.(79) Other evidence supportive of cognitive and linguistic mechanisms underlying verbal fluency decrements after DBS are the findings that: (a) STN DBS affects semantic processing, (73) (b) motor speech decrements would affect performance on a range of expressive language tasks, yet verbal fluency decrements may be specific in that they can be accompanied by improvements on other expressive language tasks, including visual confrontation naming, (111) and (c) reductions in verbal fluency after pallidal surgery are associated with diminution of patients' efficiency in switching between lexical-semantic categories during word search and retrieval, thus implicating specific cognitive mechanisms in verbal fluency deterioration. (35, 112) Consistent with the latter findings, STN DBS has been reported to be associated with diminished switching between categories, whereas clustering remains unchanged. (113) Recent meta-analysis of 22 studies carried out between 1993 and 2004(114) yielded estimates that about 7% of patients develop depression after STN DBS, that hypomania or a manic episode occurs in about 2%, and that other psychiatric disorders such as hypersexuality, lability, psychosis, and hallucinations occur in 4% of patients. Similar figures were reported in a review by Temel and colleagues:(50) depression 8%, hypomania or mania 4%, anxiety disorders <2%, personality changes, hypersexuality, apathy, and aggressiveness <0.5.%, and coincide with the overall rate of psychiatric issues requiring treatment in 9% reported in a controlled study of 99 patients.(59) However, the range of the incidence of various behavioral alterations reported by different studies may be quite broad:(45) depression 1.5.% to 25%, attempted and completed suicide 0.5.% to 2.9.%, and (hypo)mania 4% to 15%. Another recent retrospective analysis reported transient mood disturbance in as many as 64% of patients. (115) Factors underlying this heterogeneity of outcomes may relate to patient selection/exclusion criteria, especially with regard to psychiatric illness, ascertainment and definition methods, surgical and postoperative management differences, and rigor of study methodology. In addition, the surgical experience of a center may play a significant role, in that morbidity typically decreases as center experience increases.(116) Our own informal review of studies raises the hypothesis that historically earlier published studies, studies with small samples (both of these factors may be associated with a treatment centers' experience), and studies with longer follow-up are apt to report a higher incidence of postoperative psychiatric morbidity. For example, one study of 11 patients over 5 years reported mania/hypersexuality in almost 20% and apathy in almost 10%.(61) Another study of 37 cases collected between 1996 and 1999, using 5-year follow-up, reported attempted suicide or suicide in 13.5.%, apathy in 22%, disinhibition in 35%, psychosis and/or hallucinations in 27%, aggression in 8%, and dopamine dysregulation syndrome (levodopa addiction) in 8%. In contrast, a recent, controlled study of 78 patients using a 6-month follow-up reported depression in 5%, suicide in 1%, and psychosis in 5%. (52) It is premature, however, to draw conclusions about the mechanisms of such behavioral changes and about the similarities and differences in long term outcomes between those patients having had DBS and those subjected to other treatments. Certainly, given the progressive nature of PD, one expects behavioral changes to emerge more frequently with longer disease duration. Potential mechanisms underlying psychiatric phenomena after DBS include a pre-operative vulnerability, (117) stimulation, effects of surgery, psychosocial stressors and adaptation, and alterations in medication after surgery. Stimulation in or in the region of the STN has been observed to lead to visual hallucinations, (118) pseudobulbar crying,(119) laughter and euphoria (120, 121) and depression. (122, 123) Acute mood changes tend to be provoked by stimulation dorsal or ventral to the target for optimal motor control,(124) whereas apathy is associated with ventral and medial STN DBS,(75), hypomania with anteromedial STN DBS, (87) and delusions perhaps with medial stimulation.(125) Aggression occurs with stimulation in the region of the triangle of Sano, (126) though aggression has also been observed with presumably accurately placed STN electrodes. (127) Of note also is the apparent disconnect between studies reporting post-operative depression and those using symptom rating scales and self-report inventories showing improvements in average scores of symptom severity. Several studies have reported improvement in depressive symptomatology (29, 41, 58, 128) when considering selfreport mood state questionnaires. Similarly, studies disagree whether apathy does or does not increase after STN DBS.(75, 129) On one hand, studies reporting postoperative incidence of behavioral changes typically do not report change in caseness from pre-operative state, leaving it possible that incidence of psychiatric conditions actually improves from pre-operative levels. Indeed, a study has shown that the incidence of psychiatric illness may be greater among PD surgical candidates (before surgery) than among the PD population in general. (130) Alternatively, patients completing inventories or responding to questions on rating scales may underestimate or be relatively unaware of behavioral changes as might be indicated by discrepancies in the report of patients and their carepartners. (58) Another topic of increasing interest has been the phenomenon of pathological gambling, and isolated cases of this condition have been reported after DBS.(59, 131) A large, retrospective study(132) identified 7 persons who had displayed with pathological gambling prior to surgery among 598 patients who underwent STN DBS. All patients' gambling improved after surgery, resolving on average 18 months after surgery, but 2 patients' condition worsened transiently. The improvement in gambling and other symptoms of dopamine dysregulation syndrome (e.g., off period dysphoria, non-motor fluctuations) paralleled the course of dopaminergic medication reduction after electrode implantation.
Several studies have convincingly shown that QOL improves after STN DBS.(133) Not only does QOL improve after DBS, but it improves more than with medical treatment as revealed by a controlled study.(52) In addition to improving patients' QOL, STN DBS also translates into gains in QOL of carepartners for at least two years. (134) However, not all domains of QOL improve comparably, and gains may be limited to physical aspects of QOL such as bodily discomfort, activities of daily living, mobility, and perceived stigma, (135, 136) though several studies also find improvement in other domains such as satisfaction with social, psychological and emotional functioning, one to three years after surgery. (137, 138) Recent studies found that QOL improvements may not be attained in patients older than 65 years patients (139) and that there is a negative relationship between advancing age and quality of life gains after DBS.(98) There appear to be no other robust presurgical predictors of QOL improvement, (137) but improvement in bradykinesia appears to be one of the strongest correlates of QOL improvement. (137, 140) How much of the effect of motor improvement on QOL is direct is still unclear, and some of the benefit may be indirect via improvement in depressive symptomatology. (141) Whether the most common cognitive morbidity after STN DBS (i.e., verbal fluency decline) has a significant impact on QOL is unknown. Two studies have found significantly decreased satisfaction with communication, (63, 135) but the factors responsible for those specific QOL declines were not identified.
Few studies have attended to social adaptation after surgery, a complex issue that has been more adequately addressed in the epilepsy surgery literature. Recent studies consistently provide evidence that gains in motor function and QOL do not necessarily translate into improved social integration and adaptation. (142, 143) Familial relationships can be compromised after DBS, (143, 144) presumably especially when expectations of outcomes and perceived levels of functioning diverge between patient and carepartner. In addition, despite improvements in motor function and QOL, patients may not return to workin one study, only 9/16 who were working before surgery had returned to work by 18-24 months after surgery. (143) Predictors of, and barriers to social adjustment remain to be identified.
ESSENTIAL TREMOR
Several studies have demonstrated the effectiveness of thalamic DBS in the reduction of postural and action tremor in patients with essential tremor (ET) with some studies showing that improvements persist to 6 years. (145) (146) (147) (148) Limited case studies suggest that DBS of the white matter near the STN may also be effective for ET.(149-151) Neurobehavioral outcomes of DBS for ET are sparsely documented. One study (152) mentioned in passing that one of four ET patients experienced transient slowing of information processing. Detailed neuropsychological data pertaining to unilateral thalamic DBS in ET were presented by Tröster and colleagues (153) who found that among 40 patients with ET the only decrement observed involved lexical verbal fluency (in contrast to the absence of such an effect in PD). Improvements, possibly representing test-retest or practice effects, were observed in visuoconstructional skill and visuoperceptual gestalt formation, backward visual span, delayed prose recall and word list recognition (also seen in PD after thalamic DBS). In a follow-up study at 12 months following surgery, largely similar results were reported.(154) Improvements in delayed verbal memory, visual construction, visual perception, and dominant hand manual dexterity were maintained relative to baseline and patients demonstrated an additional improvement from baseline on a measure of verbal learning, perhaps reflecting a practice effect. Significant increases in performance were found between the 3-and 12-month evaluations on measures of verbal learning and concept formation. Twelve months following surgery, no significant declines were noted on any of the measures in comparison to baseline. However, four patients with baseline deficits in verbal fluency showed substantial further decrements following surgery, suggesting that persons with poor verbal fluency prior to surgery may be more susceptible to exacerbation of this deficit by DBS.
Few studies have compared neuropsychological test performance with and without stimulation. One case report found that thalamic DBS may improve verbal fluency. (155) No differences were noted in other measures of attention, verbal memory, or visual perception. However, another study comparing performance on and off stimulation found that thalamic DBS may disrupt recall of a word list. (22) Because only two of the nine patients in this study had ET it is difficult to discern whether similar findings would be obtained in a larger sample of ET patients.
Little research has examined how well surgical and stimulation parameters might predict cognitive or ADL changes after DBS in ET. One study compared the characteristics of 27 ET patients with mild cognitive declines following surgery with those of 22 patients without such declines.(156) There were no significant differences between the two groups in baseline neuropsychological performance, disease duration and onset, demographics, or postoperative motor functioning, but a larger proportion of patients with cognitive declines had undergone left rather than right thalamic DBS. A significantly higher pulse width (PW) was used in the group with cognitive declines in comparison to the stable group and there was a significant association between cognitive decline and pulse width greater than 119 microseconds. It should be noted that all stimulation parameters' relationship to verbal fluency could not be evaluated simultaneously, and thus, the unique role of pulse width in verbal fluency declines remains unknown. Onset of ET after age 37 was another significant predictor of a worse cognitive outcome.
Several studies demonstrate effective reduction of disability and significant improvements in activities of daily living (ADL) such as writing and pouring, following DBS for ET.(157) Clinicians and patients have rated similar levels of improvement, ranging from 40% to 60%, on measures of ADLs such as the TADLS.(158, 159) Improvements of ADLs have been noted in comparisons of baseline and post surgical scores, in comparisons of stimulation turned on and off, (158, 160) and these improvements occur after both unilateral and bilateral DBS.(146) Such ADL improvements are associated with gains in QOL. Tröster and colleagues(153) found a reduction in anxiety symptoms three months after unilateral thalamic DBS surgery for ET. On the SIP (a generic QOL measure), improvements were found in Total and Psychosocial scores, and on the modified PDQ (a diseasespecific measure), patients expressed significantly increased satisfaction with ADLs, communication, emotional functioning, and stigma. At 12-month follow-up, gains were maintained on the SIP Psychosocial scale and the modified PDQ Stigma, Activities of daily Living and Emotional Well-being scales. (154) 6. DYSTONIA Primary or idiopathic dystonias vary in the body parts they affect but all involve involuntary muscle contractions that lead to abnormal posture, twisting, and repetitive movements. The earliest attempts to treat torticollis and dystonia with stimulation targeted the thalamus. (161, 162) The more recent case reports' findings that bilateral pallidal stimulation alleviates dystonia have been confirmed in larger series using blinded evaluation (163) and sham stimulation control,(164) but relatively few studies have evaluated neuropsychological functioning, mood and behavioral changes, and quality of life.
In an early case series, Morrison et al.(69) reported minimal cognitive change in two patients with dystonia who underwent right GPi DBS. One patient experienced a decline in verbal fluency, but both patients experienced improvements on some tests of attention and memory. In the most detailed neuropsychological study to date evaluating overall level of cognition, attention, executive functions, verbal fluency and verbal learning, mood state and QOL in 15 patients, Hälbig et al. (165) reported improvement in motor function following bilateral GPI DBS ranging from 26% to 93%. As compared to baseline there was no deterioration in patients' cognitive scores three to twelve months (mean = 6.5. months) following surgery as a group, although there was some variability in outcome such that some patients showed declines or improvements on one or more tests. Slight overall improvements were noted in part A of the Trailmaking test, a test of psychomotor speed and visual attention. There were no marked changes on measures of depression, anxiety, psychosis and mania. Overall QOL, measured with the PDQ designed for PD, improved 37% after DBS. Vidailhet and colleagues' study (163) of twentytwo patients using a blinded evaluation protocol revealed mean dystonia severity scores improved by an average of 51% twelve months after surgery. These authors found that, compared to pretreatment baseline testing, none of the patients experienced statistically significant declines in cognitive functioning as revealed by a cognitive screening instrument (MMSE) which may not be sensitive to the circumscribed cognitive dysfunction sometimes observed in dystonia. Pillon et al.(166) conducted a more comprehensive neuropsychological evaluation (of abstract reasoning, verbal intelligence, attention, executive function, verbal fluency, and verbal learning memory, and depressive symptomatology) in this same patient group, and also observed no negative impacts on cognition at the one-year study endpoint. Pillon and colleagues further noted that, as a group, patients showed mild but statistically significant improvements relative to baseline on measures of concept formation and reasoning, executive function, and memory. Whether these gains exceed expected practice or familiarity effects is unclear. QOL evaluated with the Medical Outcomes Study (MOS) 36-item Short-Form General Health Survey (SF-36) revealed significant improvements in only two of the eight domains evaluated (General health and Physical Functioning). (163) STN DBS has also been successfully attempted in dystonia, and a recent study of four patients with primary, predominantly cervical dystonia found no "definitive" neuropsychological impairment across patients.(167) Examination of data, however, suggests the possibility of declines in language and visual memory in two of the four patients.
EPILEPSY
Ablative surgery for refractory epilepsy has been carried for a long time. Numerous neuroanatomical structures were also targeted to treat epilepsy with stimulation, (168, 169) with the earliest work targeting the anterior thalamus and cerebellum. (161, 170, 171) The relative absence of empirically documented neuropsychological outcomes after stimulation for epilepsy is surprising given the regularity of neuropsychological evaluation in ablative epilepsy surgery. Hodaie and colleagues(172) reported on anterior thalamic DBS in five patients with generalized tonic-clonic or secondarily generalized seizures. Although it was reported that family witnessed no behavioral changes, and that three patients' families reported improved cognition and activities of daily living, no supportive objective data were provided. Similarly, a pilot study of 14 patients (173) did not provide detailed neuropsychological data, but it was noted that two patients experienced depression and another two experienced increased irritability.
A placebo-controlled pilot study of centromedian nucleus stimulation in seven patients with either tonicclonic, tonic, or complex partial seizures utilized tests of intelligence, speech and language, visual and verbal memory, visuospatial functions, attention, executive functions, and motor speed.(174) Detailed neuropsychological findings were not presented, but it was reported that no differences were observed between baseline scores and scores obtained on and off stimulation after surgery.
Hippocampal stimulation has been used in patients deemed at excessive risk of cognitive (memory) deficit after potential temporal lobe resection. One study reported neuropsychological evaluation resulted in four patients with complex partial seizures with or without secondary generalization who underwent left hippocampal DBS. (175) Patients underwent a three month baseline evaluation period and were again evaluated after DBS after three months on-and three months off stimulation. Though detailed data were not presented except for one patient, it was reported that no changes were observed in neuropsychological function when comparing test performance on and off stimulation and to baseline. A recent study failed to observe any significant cognitive changes after mammillothalamic DBS in three patients, though detailed data were, again, not provided. (176) 8. MULTIPLE SCLEROSIS DBS does not represent a comprehensive treatment for multiple sclerosis (MS), but, like other surgical interventions used in this condition, (177) has application in the amelioration of specific symptoms, in this case tremor. The target used is generally the thalamic ventral intermediate (Vim nucleus), though the ventralis oralis posterior and anterior (VOP and VOA) nuclei have been stimulated in conjunction with Vim. (178) Recently it has been proposed that stimulation of the subthalamic region may be more effective than thalamic stimulation in controlling tremor associated with ET and MS, (179) and that tremor in MS may respond better to simultaneous stimulation of multiple rather than single targets, though not all studies find such an additive effect. (178, 180) A review of studies published from 1980 to 2002 makes clear that detailed neuropsychological outcome data remain unavailable. (181) 
DEPRESSION
Functional neuroimaging findings implicate the subgenual cingulate in negative mood states and antidepressant treatment effects. On the basis of this observation Mayberg and colleagues (182) undertook DBS of the white matter tract adjacent to the subgenual cingulate gyrus in six patients with major depression (MDD) refractory to other therapies. Four of the six patients were deemed to respond to the treatment (50% reduction of symptoms at 6 months) and the patients did not experience significant declines in cognitive functioning as a result of the surgery. While a detailed discussion of neuropsychological test results has not yet been published, Mayberg and colleagues reported that when compared to pretreatment baseline evaluation, intelligence, language, and basic visual-spatial functioning remained stable after three and six months of stimulation.
Moreover, improvements were noted in visuo-motor function, and on tests said to be sensitive to dorsolateral frontal function (verbal fluency), ventral prefrontal function, and orbital frontal function. Greenberg et al. (2005) , (183) in a threemonth study of five MDD patients undergoing bilateral DBS in the ventral portion of the anterior limb of the internal capsule and the adjacent dorsal ventral striatum ("VC/VS"), found that three patients experienced more than a 50% improvement in depressive symptoms while two other patients showed 24% and 17% improvements, respectively. Detailed neuropsychological data were not reported. Similarly, single case studies of thalamic peduncle DBS for depression,(184) and of GPi stimulation for dyskinesia in a depressed patient associated with amelioration of depression, did not report cognitive outcomes.
OBSESSIVE-COMPULSIVE DISORDER
Different structures have been targeted in DBS for treatment-refractory obsessive-compulsive disorder (OCD), including the anterior limb of the interior capsule, the nucleus accumbens and its environs, and the caudate, but all studies are based on only a few patients.(185) Only a handful of studies discuss the effect of bilateral DBS in the anterior limb of the internal capsule on cognition. Greenberg et al.(186) monitored treatment progress in eight of the original ten OCD patients in their study, and found that chronic stimulation over a three-year interval induced a 25% or greater overall reduction in OCD symptom severity in six of the patients. Neuropsychological test results obtained after a mean of approximately ten months after surgery revealed that, as a group, these patients experienced no significant declines in cognitive performance relative to baseline testing, and no individual patient demonstrated a clear or pervasive pattern of decline. Significant overall improvements in passage recall, even when correcting for practice effects, were reported.
Gabriëls and co-workers (187) found that two of three patients they studied also experienced a significant reduction in OCD symptom severity subsequent to DBS surgery. Neuropsychological assessments, focusing especially on executive functions and attention, were performed prior to and one year after treatment. No significant deterioration in cognitive abilities was observed with DBS, but one patient tended to make more errors on a card sorting task (demanding of conceptualization and cognitive flexibility) after one year, and visual memory (for a complex figure) tended to improve.
More variable neuropsychological outcomes were reported in another study of four patients undergoing DBS of the anterior limb of the internal capsule for refractory OCD. (188) In those patients, who underwent DBS in a randomized "on-off" stimulation sequence of four 3-week blocks, evaluation of attention, working memory, processing speed, verbal fluency, and cognitive flexibility revealed no consistent pattern of changes across subjects comparing the baseline and four post-surgical evaluations. A more extensive test battery done at baseline and after 6 months of continuous stimulation also revealed no consistent neuropsychological alterations. However, isolated patients showed improvements and declines in executive function tests.
Aouizerate and colleagues,(189) in a case report, found that an OCD patient undergoing DBS in the ventral caudate experienced a clinically significant reduction in symptom severity after one year of stimulation at 130 Hz. A comparison of pretreatment cognitive test scores to those obtained at one and six month intervals following chronic stimulation showed no impairment of cognition, and revealed improvements in attentional and executive functions as well as in visual and verbal memory. Of note, Pool(5) had used chronic caudate stimulation in a depressed patient already in 1948, though cognitive outcome was not reported. A report of right nucleus accumbens stimulation did not provide neuropsychological data. (190) One case study of intraoperative stimulation during electrode placement for OCD in the anterior limb of the internal capsule in the vicinity of the nucleus accumbens showed that fear and panic could be induced with stimulation and reliably replicated by turning the stimulation on or off. (191) This finding parallels the observation of anxiety symptoms elicited by intraoperative rostral cingulate stimulation in the course of ablative surgery for various psychiatric conditions in the past. (192) 11. TOURETTE SYNDROME Tourette's syndrome (TS), a neurologic condition involving both motor and vocal tics, has recently been treated with DBS Few patients, however, have undergone DBS, and it remains unclear whether thalamic or pallidal targets (or a combination thereof) are preferable, (193) and both have been used. (194) In an effort to assess the impact of DBS for Tourette's Syndrome (TS) on cognition, VisserVandewalle and others (195) studied three patients whose electrodes were implanted at the level of the centromedian nucleus, substantia periventricularis, and nucleus ventrooralis internus. After chronic stimulation for a period of five years for the first patient, one year for the second patient, and eight months for the third patient, motor and vocal tics subsided completely. Neuropsychological test results were only reported for the first and third patient. No significant changes between preand postoperative cognitive test scores were noted in the first patient. Postoperative test scores with the third patient, however, demonstrated a decline in ability on timed tasks relative to baseline testing. Improvements were noted in both patients on verbal memory and facial recognition tests.
In a single TS patient, bilateral thalamic and/or GPi DBS at approximately 130 Hz resulted in a 70% improvement in the frequency of tics and self-injurious behavior, (196) and bilateral GPi DBS in another patient yielded a 73% reduction in vocal tics per minute after fourteen months of treatment. (197) When compared to preoperative cognitive testing, the patient in the former study demonstrated improvements in attention, episodic and working memory, and cognitive flexibility. The latter study noted that when compared to the baseline evaluation, cognitive test results did not change significantly on-or off-stimulation at the fourteen month study endpoint.
PERSISTENT VEGETATIVE AND MINIMALLY CONSCIOUS STATES
A recent single case report of thalamic DBS in a patient with minimally conscious state (MCS) after a traumatic brain injury more than six years previously (198) attracted a great deal of attention in the popular press. Although thalamic DBS (and DBS of the nucleus cuneiformis in the mesencephalic reticular formation) for persistent vegetative state (PVS) and MCS after traumatic brain injury, cerebrovascular accident and anoxia has been carried out in Japan since the 1980s (199) (200) (201) , the recent case report provides an elegant multiple baseline design and detailed behavioral observation data not heretofore published. Although statistically significant improvements were observed in arousal level, motor control, and behavioral persistence, it is important to note that the patient remained dependent. This contrasts with some of the more optimistic findings reported by another group of researchers that had followed 21 cases of PVS and 5 cases of MCS for up to 10 years after DBS. (200) . Although all of the 21 PVS cases remained bedridden, eight cases were reported to have emerged from VS and to have been able to communicate via speech or other responses (presumably motor). Of the five MCS cases, four emerged from the MCS and bedridden state and were able to "enjoy life in their own home." These findings must be interpreted with caution given the methodological limitations of the study.
The foregoing results provide an impetus for cautious optimism and further study, but, with little doubt, will also engender vociferous ethical debates.
OTHER CONDITIONS
Posterior hypothalamic DBS has recently been used to treat cluster headaches, (202) and posterior-medial hypothalamic stimulation was reported to decrease aggressive and disruptive behavior in two persons with mental retardation. (203) These studies, and studies using DBS for neuropathic pain, (204) have not reported neuropsychological outcomes. Tarsy and coworkers (205) reported that STN DBS in a patient with multiple system atrophy (MSA) developed speech problems (dysarthria), but neuropsychological outcome was not detailed. In a case with Huntington's disease, a single case study of GPI stimulation noted no neuropsychological changes 12 months after DBS, but details were not provided. (206) Antero-ventral pallidal stimulation in a case with LeschNyhan disease was reported to improve self-injurious and aggressive behaviors. (207) 
CONCLUSIONS
The past decade has seen a rapid expansion of medically refractory conditions and neuroanatomical structures targeted for DBS treatment, perhaps related to the success and relative safety of DBS demonstrated in movement disorders. A review of the literature and metaanalyses indicates DBS for movement disorders to be quite safe from a neurobehavioral standpoint (while improving motor symptoms and both the patient's and carepartner's quality of life). However, it is also clear that a small proportion of patients have moderate or severe neurobehavioral morbidity. If one combines the various cognitive and psychiatric morbidities reported across studies, it is probably reasonable to estimate that about 10% of patients with PD undergoing DBS will have one or more transient or permanent neurobehavioral adverse events. Deserving of urgent and detailed empirical investigation is the initial observation in a few small, uncontrolled studies that improvements in motor symptoms and quality of life may not necessarily translate into social (re)adjustment. Research will need to identify the patient, medico-surgical, and psychosocial factors that preclude some patients from demonstrating gains in occupational, interpersonal, familial, and marital functioning. It is likely, as has been shown in the epilepsy surgery literature, that symptomatic treatment success merely provides a new platform upon which to build or rebuild these social roles. Perhaps a much greater role of ancillary health services, such as speech therapy, occupational and physical therapy, neuropsychology, and psychotherapy needs to be contemplated if outcomes after DBS are to be optimized. Health care providers should not rely on subjective impression, spontaneous or solicited patient opinion, and cognitive and psychiatric screening measures to identify neurobehavioral and psychosocial issues. The recent publication of consensus statements on patient selection, treatment, and outcome evaluation (16, 208, 209) should facilitate greater uniformity in outcome reporting and identification of neurobehavioral risk. Although occurrence of dementia after DBS is very rare, recently published diagnostic criteria for dementia in PD (210) will likely facilitate more reliable identification of this condition. Treatment of dementia after DBS is not addressed in the literature, but it seems reasonable to select a therapeutic approach on an empirical basis. Specifically, comparing neuropsychological test performance on and off stimulation would provide an indication of whether stimulation has a contributory or causal role in cognitive dysfunction, allow one to weigh the relative cognitive cost and motor benefit of stimulation, and thereby facilitate the decision whether or not to turn off stimulation and proceed with the typical pharmacological management of PD dementia.
Urgently needed are carefully designed and executed multi-center studies of neurobehavioral outcomes. Despite an increasingly voluminous literature, the identification of reliable predictors and risk factors for neurobehavioral changes has received scant attention and proved elusive. Ethical concerns and seemingly intractable methodological limitations have impeded the conduct of sophisticated, controlled, blinded, comparative trials with large numbers of subjects needed to confidently quantify the incidence of various neurobehavioral changes and to isolate predictors of neurobehavioral and quality of life outcomes. To date, the literature does not allow one to conclude that stimulation per se is associated with neurobehavioral morbidity, though in some cases, there is a replicable effect on mood and cognition when stimulation is turned on and off. In the case of PD, and likely many of the emerging indications for DBS, neurobehavioral outcomes may be related to an interaction of the surgical procedure and stimulation as well as subsequent changes in medications, psychosocial factors and pre-operative vulnerability. Conclusions that DBS is neuropsychologically safe in conditions such as dystonia, depression, OCD, TS, epilepsy, MS and others must be considered highly preliminary until adequate, controlled trials are completed. Recent cognitive and social neuroscience studies of DBS, (211) (212) (213) (214) (215) particularly in the accompaniment of functional imaging (216, 217) suggest that DBS might be used as a vehicle to better understand the cognitive and behavioral role of the basal ganglia and other deep brain structures. 
